Mutations in the presenilin (PSEN1 and PSEN2) genes are linked to familial Alzheimer's disease (AD) and cause loss of its essential function. Complete inactivation of presenilins in excitatory neurons of the adult mouse cerebral cortex results in progressive memory impairment and age-dependent neurodegeneration, recapitulating key features of AD. In this study, we examine the effects of varying presenilin dosage on cortical neuron survival by generating presenilin-1 conditional knock-out (PS1 cKO) mice carrying two, one, or zero copies of the PS2 gene. We found that PS1 cKO;PS2 ϩ/Ϫ mice at 16 months exhibit marked neurodegeneration in the cerebral cortex with ϳ17% reduction of cortical volume and neuron number, as well as astrogliosis and microgliosis compared with ϳ50% reduction of cortical volume and neuron number in PS1 cKO;PS2 Ϫ/Ϫ mice. Moreover, there are more apoptotic neurons labeled by activated caspase-3 immunoreactivity and TUNEL assay in PS1 cKO;PS2 ϩ/Ϫ mice at 16 months, whereas apoptotic neurons are increased in the PS1 cKO; PS2 Ϫ / Ϫ cerebral cortex at 4 months. The accumulation of the C-terminal fragments of the amyloid precursor protein is inversely correlated with PS dosage. Interestingly, levels of PS2 are higher in the cerebral cortex of PS1 cKO mice, suggesting a compensatory upregulation that may provide protection against neurodegeneration in these mice. Together, our findings show that partial to complete loss of presenilin activity causes progressively more severe neurodegeneration in the mouse cerebral cortex during aging, suggesting that impaired presenilin function by PSEN mutations may lead to neurodegeneration and dementia in AD.
Introduction
Alzheimer's disease (AD) is the most common neurodegenerative disorder, and mutations in the presenilin (PSEN ) genes account for ϳ90% of the identified familial AD (FAD) mutations. Presenilins are expressed broadly throughout life and serve as the integral catalytic subunit of the ␥-secretase complex (Li et al., 2000) . PS1 and PS2 have overlapping functions and are required for development and adult brain functions (Wines-Samuelson and Shen, 2005; Ho and Shen, 2011) . The presenilin-1 (PS1) knock-out (KO) mice show perinatal lethality and impaired neural development (Shen et al., 1997; Handler et al., 2000; WinesSamuelson et al., 2005) , whereas PS2 KO mice have little detectable phenotypes (Steiner et al., 1999) , but PS1/2 double KO mice exhibit more severe phenotypes and die at embryonic day 9 (Donoviel et al., 1999) .
To circumvent the perinatal lethality of PS1 KO mice, we previously generated conditional KO (cKO) mice lacking PS1 in excitatory neurons of the adult cerebral cortex and found memory impairment in these mice (Yu et al., 2001) . Furthermore, loss of both presenilins in conditional double KO (cDKO) mice results in striking age-dependent neurodegeneration, as well as synaptic and memory impairment Feng et al., 2004; Saura et al., 2004; Zhang et al., , 2010 WinesSamuelson et al., 2010; Wu et al., 2013) . Interestingly, presenilins promote memory and neuronal survival and maintain synaptic function in a ␥-secretase-dependent manner, because conditional inactivation of another component of the ␥-secretase complex, nicastrin, results in similar memory impairment, synaptic dysfunction, and age-related neurodegeneration (Tabuchi et al., 2009; Lee et al., 2014) . Thus, complete loss of PS/␥-secretase function in the adult mouse cerebral cortex recapitulates key features of AD, including age-dependent neurodegeneration, progressive memory impairment, tau hyperphosphorylation, and gliosis.
PSEN mutations confer partial loss of its presenilin function, and some mutations result in complete loss of its activity (Levitan et al., 1996; Song et al., 1999; Moehlmann et al., 2002; Seidner et al., 2006; Heilig et al., 2010) . These findings together with striking age-dependent neurodegeneration observed in PS cDKO mice suggested that PSEN mutations might lead to AD as a result of partial loss of PS essential functions (Shen and Kelleher, 2007) . However, it has not been tested whether partial loss of presenilin would lead to neurodegeneration in the mouse brain. In this study, we address this question by generating three groups of mutant mice bearing different copies of the Psen genes. We found that partial to complete loss of presenilin leads to increasingly more severe neurodegeneration, as indicated by ϳ17% and ϳ50% reduction of cortical volume and neuron number, respectively, in the cerebral cortex of PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO; PS2 Ϫ/Ϫ mice at 16 months of age. The neurodegeneration observed in these mice are accompanied by astrogliosis and microgliosis, as well as increased apoptosis. Furthermore, inactivation of PS1 leads to compensatory upregulation of PS2, which may provide protection against neurodegeneration in PS1 cKO mice. Together, these findings provide direct experimental evidence showing that partial loss of PS activity indeed causes agedependent neurodegeneration in the mouse cerebral cortex.
Materials and Methods
Mice. Generation of PS1 cKO (PS1 floxed/floxed ;PS2 ϩ/ϩ ;Cre), PS cDKO (PS1 floxed/floxed ;PS2 Ϫ/Ϫ ;Cre), and ␣CaMKII-Cre transgenic mice was described previously (Yu et al., 2001; Saura et al., 2004 ; Cre, also known as PS cDKO) mice. The genetic background of all the mice used in this study was C57BL/6J 129 hybrid. For all histological analysis and stereological quantification, the experimenter was blind to the genotype of the mice. All procedures relating to animal care and treatment conformed to institutional and National Institutes of Health guidelines.
Western blot analysis. Dissected cortices (2-3, 9, or 16 months of age) were homogenized in RIPA buffer [50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 0.5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor mixture (Sigma), and 1 mM PMSF]. Equal amounts (10 -40 g/lane) of proteins were separated in NuPAGE gels (Invitrogen) and transferred to nitrocellulose membranes. The membranes were blocked in 5% nonfat milk/TBS for 1 h and incubated with specific primary antibodies as shown below: rabbit anti-PS1 (catalog #529591 and #529592; Calbiochem), rabbit anti-PS2 (ab51249; Abcam), rabbit anti-nicastrin (N1660; Sigma), rabbit anti-Aph-1 (PA1-2010; Pierce), rabbit anti-Pen-2 (catalog #36-7100; Zymed), rabbit anti-amyloid precursor protein (APP; C8; kind gift from Dr. Dennis Selkoe, Center for Neurologic Diseases, Brigham and Women's Hospital and Harvard Medical School, Boston, MA), rabbit anti-amyloid precursor-like protein-1 (APLP1; catalog #171615; Calbiochem), mouse anti-glial fibrillary acidic protein (GFAP; G6171; Sigma), and mouse anti-actin (A1978; Sigma). The membrane was then incubated with IRDye 800CW or IRDye 680-labeled secondary antibodies (LI-COR Bioscience). Signals were developed and quantified with an Odyssey Infrared Imaging System (LI-COR Bioscience).
Nissl staining. Mice were anesthetized and perfused with PBS including heparin and procaine. Brains were dissected, and hemispheres were immersed in 4% paraformaldehyde at 4°C for 3 h and then processed for paraffin embedding. Serial sagittal sections were collected by microtome at 10 m thickness. Every 40th sections were deparaffinized, dehydrated, and stained with 0.5% cresyl violet (Sigma).
Immunohistochemistry. Paraffin-embedded brain sections were deparaffinized, alcohol dehydrated, and blocked in 5% normal goat serum/ TBS for 1 h. Then sections were reacted with primary antibodies against NeuN (1:400; Millipore Bioscience Research Reagents), cleaved caspase-3 (1:250, Cell Signaling Technology), ionized calcium-binding adapter molecule 1 (Iba1; 1:300; Wako), or GFAP (1:500; Sigma) at 4°C overnight. These slides were then incubated with biotinylated secondary antibody (Vector Laboratories) at room temperature for 1 h. Specific signals were developed by Vectastain Elite ABC kit and DAB peroxidase substrate (Vector Laboratories) and analyzed by BX40 microscope system (Olympus).
Stereological quantification. NeuN-stained sections (seven to eight sections per brain, spaced 0.4 mm apart) were analyzed using an unbiased fractionator and optical dissector method, and the images were analyzed using the BioQuant image analysis software that was connected to the Olympus BX51 microscope with a CCD camera. Approximately 40 optical dissectors were used for the entire neocortex area. Each optical dissector was a 100 ϫ 100 m sampling box, and NeuN-positive (NeuN ϩ ) neurons were counted through the 40ϫ objective lens. The coefficient of error was Ͻ0.10. The volume of the neocortex was determined using Nissl-stained series sections and the BioQuant image analysis software (Yamaguchi and Shen, 2013) . Values were presented as means Ϯ SEM.
GFAP-stained sections (five sections per brain, spaced 0.5 mm apart) were analyzed using the Olympus BX51 microscope with a CCD camera. The GFAP ϩ area and the total area of the neocortex and the hippocampus were measured under 4ϫ objective lens using the BioQuant image analysis software. The GFAP ϩ area was determined using the set threshold value of immunostained color that covers all the GFAP signals. The percentage of GFAP ϩ area was calculated as GFAP ϩ area/total area (n ϭ 3-6 mice per genotype). Iba1-stained sections (five sections per brain, spaced 0.5 mm apart) were analyzed, and the number of Iba1 ϩ cells was counted using the unbiased fractionator and optical dissector method and the BioQuant image analysis software. The Iba1 ϩ signal was calculated as the Iba1 ϩ cell number/total area (n ϭ 3-6 per genotype). All values were presented as means Ϯ SEMs.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling staining. Every 30th sections (seven to nine sections per brain) were blocked using 5% of goat serum, 1% BSA for 1 h, followed by the protocol of the manufacturer of the In Situ Cell Death Detection kit (Roche). The slides were then washed using PBS for three times. Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) staining was analyzed using a fluorescent microscope. TUNEL ϩ signals in the neocortical area were counted, and the number of positive cells per section was averaged.
Data analysis. Two-tailed Student's t test was conducted for all the pairwise comparisons in the biochemical results, unless stated otherwise. In Figure 6 , statistical analysis was performed using one-way ANOVA, followed by post hoc analysis (Tukey's test) to measure the genotypic effect. Three to 10 mice were used per genotype group. A value of p Ͻ 0.05 is considered statistically significant. All the data were reported as mean Ϯ SEM, except Figure 1C (mean Ϯ SD).
Results
Neurodegeneration in the cerebral cortex of aged PS1 cKO; PS2 ϩ/Ϫ mice Complete loss of ␥-secretase activity in excitatory neurons of the cerebral cortex in presenilin cDKO and nicastrin (Nct) cKO mice exhibit severe cerebral atrophy and dramatic loss of cortical volume and neurons by 6 -9 months (Saura et al., 2004; Tabuchi et al., 2009; Wines-Samuelson et al., 2010) . To address whether partial loss of ␥-secretase activity also causes neurodegeneration in vivo, we generated PS1 cKO mice carrying varying doses of the PS2 gene, in which the floxed PS1 gene is inactivated in excitatory neurons of the postnatal forebrain under control of the ␣CaMKII-Cre transgene (Yu et al., 2001; Saura et al., 2004) . These mice were born at the expected ratio, and their gross appearances were normal at birth or at young adult ages.
We first performed histological analysis of postnatal forebrain-specific PS1 cKO mice carrying different dosage of the PS2 gene (PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO; PS2 Ϫ/Ϫ ) and littermate control mice at 16 -18 months of age. A striking cortical atrophy was observed in the cerebral cortex of PS1 cKO;PS2
Ϫ/Ϫ mice compared with littermate controls (Fig.  1A ). In addition, comparable Nissl-stained (Fig. 1A) and NeuNimmunostained (Fig. 1B) brain sections revealed a subtle atrophy ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months of age. A, Representative images of the Nissl-stained sagittal sections of the whole brain (top) and the neocortex (bottom) of control, PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months of age are shown. Black dashed bars delineate cortical layers II-VI. Whereas striking decreases in neocortical thickness are observed in PS1 cKO;PS2 Ϫ/Ϫ mice, milder cortical atrophy is seen in PS1 cKO;PS2 ϩ/Ϫ mice. Scale bar, 200 m. B, Representative images of the neocortex stained with NeuN immunoreactivity from control, PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months of age are shown. Scale bar, 200 m. C-E, Stereological measurement of whole-brain weight (C) and the volume (D) and the neuron number (E) of the neocortex from control, PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months. NS, Not significant. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; n ϭ 5-10 mice per genotype. Data are presented as the mean Ϯ SEM, except C (mean Ϯ SD). Small decreases of brain weight are present in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice compared with controls. The cortical volume is significantly reduced (ϳ17%) in PS1 cKO;PS2 ϩ/Ϫ mice and is further reduced in PS1 cKO;PS2 Ϫ/Ϫ mice (ϳ50%). Values are presented as per hemisphere. Neuron numbers are also significantly decreased (ϳ16%) in PS1 cKO;PS2 ϩ/Ϫ mice and are further decreased in PS1 cKO;PS2 Ϫ/Ϫ mice (ϳ52%).
of the neocortex in the brain of PS1 cKO;PS2 ϩ/Ϫ mice compared with littermate controls, as well as small reduction of whole-brain weight (Fig. 1C) . To examine the subtle cortical atrophy of PS1 cKO;PS2 ϩ/Ϫ mice thoroughly, we next performed unbiased quantitative stereological analysis using Nissl-stained series brain sections. Compared with littermate controls, a marked reduction of neocortical volume was observed in PS1 cKO;PS2 ϩ/Ϫ (ϳ17%; p ϭ 0.005) and PS1 cKO;PS2 Ϫ/Ϫ (ϳ50%; p ϭ 2.423 ϫ 10 Ϫ7 ) mice, respectively ( Fig. 1D; ; PS1 cKO; PS2 ϩ/Ϫ , 20.97 Ϯ 1.62 mm 3 , p ϭ 0.604). Using NeuN-stained series sections, we also did not see alteration of cortical neuron number in PS1 cKO;PS2 ϩ/Ϫ mice at this age ( Fig. 2 B, C ; control, 4.45 ϫ 10 6 ; PS1 cKO;PS2 ϩ/Ϫ , 4.48 ϫ 10 6 , p ϭ 0.853), whereas ϳ11% reduction of cortical neuron number was observed in PS1 cKO;PS2 Ϫ/Ϫ mice at this age, as we reported previously (WinesSamuelson et al., 2010) . Together, these results show the later age of onset for neurodegeneration in PS1 cKO;PS2 ϩ/Ϫ mice relative to PS1 cKO;PS2 Ϫ/Ϫ mice.
Increased apoptosis in PS1 cKO;PS2 ϩ/Ϫ mice Previous studies showed increases of neuronal apoptosis as early as 2 months of age in the cerebral cortex of PS1 cKO;PS2 Ϫ/Ϫ mice (Wines-Samuelson et al., 2010). To determine whether apoptosis is increased in the cerebral cortex of PS1 cKO;PS2
ϩ/Ϫ mice, we performed immunostaining using antibodies specific for active (cleaved) forms of caspase-3, which is an excellent marker for apoptosis (Earnshaw et al., 1999) . Similar to the previous report (Wines-Samuelson et al., 2010) , significant increases of cells positive for active caspase-3 were found in the neocortex of PS1 cKO;PS2 Ϫ/Ϫ mice at 4 months of age relative to controls ( Fig. 3A in PS1 cKO;PS2 ϩ/Ϫ mice and at 4 months in PS1 cKO;PS2
Ϫ/Ϫ mice.
Progressive gliosis in PS1 cKO;PS2 ϩ/Ϫ mice Because resident astrocytes are activated with ongoing neurodegeneration Saura et al., 2004; Lobsiger and Cleveland, 2007; Heneka et al., 2010) , we next looked for the presence of astrogliosis, as performed by immunohistochemical analysis on GFAP, a marker of astrogliosis, using brain sections of PS1 cKO;PS2 ϩ/Ϫ mice and littermate controls. As expected, we did not detect increases of GFAP immunoreactivity in the hippocampus and the neocortex in PS1 cKO;PS2 ϩ/ϩ mice at both 4 and 16 months of age, whereas we could easily see robust increases of GFAP immunoreactivity in PS1 cKO;PS2 Ϫ/Ϫ mice even at 4 months (Fig. 4 A, B) , when prominent apoptosis had taken place in the cerebral cortex (Fig. 3) . Interestingly, moderate increases of GFAP signals were detected in PS1 cKO;PS2 ϩ/Ϫ mice at 16 months of age but not 4 months of age (Fig. 4 A, B) . To determine the extent of astrogliosis further, we performed unbiased stereological quantification of GFAP signals in the neocortex and hippocampus (percentage GFAP ϩ area/tissue area). GFAP signals are unaltered in the neocortex (control, 1.01 Ϯ 
0.31%; PS1 cKO;PS2
ϩ/Ϫ , 2.43 Ϯ 0.80%; p ϭ 0.096) and the hippocampus (control, 3.77 Ϯ 1.14%; PS1 cKO;PS2 ϩ/Ϫ , 4.67 Ϯ 1.33%; p ϭ 0.634) of PS1 cKO;PS2 ϩ/Ϫ mice at 4 months (Fig. 4C) , but GFAP signals are significantly increased in the neocortex of PS1 cKO;PS2 ϩ/Ϫ mice at 16 months of age ( Fig.  4D, left; control, 3.68 Ϯ 0.82%; PS1 cKO;PS2 ϩ/Ϫ , 10.94 Ϯ 3.42%; p ϭ 0.0247). However, we did not see significant increases of GFAP in the hippocampus of PS1 cKO;PS2 ϩ/Ϫ mice at 16 months ( Fig. 4D, right; control, 18.72 Ϯ 6.13%; PS1 cKO;PS2 ϩ/Ϫ , 29.98 Ϯ 11.20%; p ϭ 0.3636), perhaps because of the higher and more variable basal GFAP signals in the hippocampus of control mice at this age (Fig. 4 B, D) . PS1 cKO;PS2 ϩ/ϩ mice did not exhibit any alteration at 4 months (neocortex, 1.00 Ϯ 0.52%, p ϭ 0.987; hippocampus, 3.79 Ϯ 1.24%, p ϭ 0.991) or 16 months (neocortex, 6.86 Ϯ 2.48%, p ϭ 0.160; hippocampus, 14.84 Ϯ 4.91%, p ϭ 0.696). These ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months. A, B, Immunostaining of GFAP in the neocortex and hippocampus from each genotype at 4 (A) and 16 (B) months of age. There is a progressive astrogliosis in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice. Scale bar, 100 m. C, Stereological measurement of GFAP ϩ areas from the neocortex (left) and the hippocampus (right) at 4 months of age (n ϭ 3-5 mice per genotype; 5 sections analyzed per mouse) shows a significant increase of GFAP signals in the neocortex and hippocampus of PS1 cKO;PS2 Ϫ/Ϫ mice but not in PS1 cKO;PS2 ϩ/Ϫ mice. D, Stereological measurement of GFAP ϩ areas from the neocortex (left) and the hippocampus (right) at 16 months of age (n ϭ 3-6 mice per genotype; 5 sections analyzed per mouse) shows a significant increase of GFAP signals in the neocortex of PS1 cKO;PS2 ϩ/Ϫ mice, whereas there is greater variability in GFAP signals in the hippocampus. NS, Not significant. *p Ͻ 0.05; ***p Ͻ 0.001. Data are presented as the mean Ϯ SEM.
results show an incidence of mild astrogliosis accompanying neurodegeneration in PS1 cKO;PS2 ϩ/Ϫ mice. We next performed immunohistochemical analysis on Iba1, which is specifically expressed in microglia in the brain. We found that Iba1 immunoreactivity was increased in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice at 16 months of age but not in PS1 cKO;PS2 ϩ/ϩ mice (Fig. 5A) ϩ/Ϫ mice exhibit modest gliosis in both astrocytes and microglia accompanied by neuronal cell death, but these phenotypes are less severe than that in cerebral cortex of PS1 cKO;PS2 Ϫ/Ϫ mice.
Upregulation of PS2 in the cerebral cortex of PS1 cKO;PS2 ؉/؉ and PS1 cKO;PS2 ϩ/Ϫ mice To determine whether levels of PS1, PS2, and other components of the ␥-secretase complex were altered, we performed Western blot analysis using cell lysates isolated from the cerebral cortex of PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , PS1 cKO;PS2 Ϫ/Ϫ , and littermate control mice at 2 months of age. We found similar reductions (ϳ60%) of PS1 N-terminal fragments (NTFs) and C-terminal fragments (CTFs) in the cerebral cortex of PS1 cKO; PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice compared with littermate controls (Fig. 6 ). An overall ANOVA showed significant genotypic effect between controls and other genotypes (NTFs, F (3, 12) ϭ 222.9, p Ͻ 0.0001; CTFs, F (3,12) ϭ 90.84, p Ͻ 0.0001), but there was no difference by post hoc test among PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice. Interestingly, PS2 CTFs were increased by ϳ30% in the cerebral cortex of PS1 cKO;PS2 ϩ/ϩ compared with littermate controls, suggesting compensatory upregulation attributable to the lack of PS1 protein, consistent with other reports (Dewachter et al., 2002; Lai et al., 2003) . The compensatory upregulation of PS2 was also observed at a similar extent at 16 months of age (data not shown), suggesting that this increase is consistent from 2 to 16 months of age. Compared with PS1 cKO;PS2 ϩ/ϩ mice, levels of PS2 CTFs were decreased by 50% in the cerebral cortex of PS1 cKO; PS2 ϩ/Ϫ mice and completely eliminated in PS1 cKO;PS2 Ϫ/Ϫ mice. Given the fact that PS1 is inactivated selectively in excitatory neurons but not in interneurons and glia, which is consistent with the ϳ40% PS1 protein remaining in the cortical lysates of PS1 cKO mice, the increase of PS2 levels in excitatory neurons is likely to be greater than the 30% increase detected in total cortical lysates of PS1 cKO mice (Fig. 6) . Thus, the compensatory upregulation of PS2 in PS1 cKO;PS2 ϩ/ϩ and PS1 cKO;PS2 ϩ/Ϫ mice likely protect the excitatory neurons during aging.
We further quantified other components of the ␥-secretase complex. For quantification of nicastrin, we first treated peptide-N-glycosidase F to remove saccharide groups from the mature glycosylated form of nicastrin proteins and then performed Western blot analysis. Levels of nicastrin and Pen-2 proteins were significantly reduced in the cortical lysates from PS1 cKO; PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice at 2 months of age compared with littermate controls (Fig. 6 ; nicastrin, F (3,12) ϭ 68.74, p Ͻ 0.0001; Pen-2, F (3,12) ϭ 54.92, p Ͻ 0.0001). Conversely, Aph-1a protein was unchanged among all four genotypes (F (3,12) ϭ 0.931, p ϭ 0.456), consistent with our previous findings in nicastrin cKO mice (Tabuchi et al., 2009) . These data show that loss of PS1 disrupts the ␥-secretase complex, resulting in reduction of nicastrin and Pen-2 in the cortex of PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice.
Decreased ␥-secretase activity in the cerebral cortex of PS1 cKO;PS2 ϩ/Ϫ mice We next evaluated ␥-secretase activity by measuring levels of the APP CTFs, because accumulation of APP CTFs is a sensitive marker for impairment of ␥-secretase activity in mouse brains (Yu et al., 2001; Dewachter et al., 2002; Saura et al., 2004; Saura et al., 2005) . We performed Western blot analysis to measure levels of APP CTFs in the cortex of PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice, as well as the littermate controls. We found dramatic accumulation (ϳ30-fold) of APP CTFs in the cortex of PS1 cKO;PS2 ϩ/ϩ mice (Fig. 7A) . Interestingly, the extent of the accumulation is inversely correlated with the dosage of the PS2 gene in PS1 cKO mice (Fig. 7A) . Compared with PS1 cKO;PS2 ϩ/ϩ mice, levels of APP CTFs are increased significantly by ϳ1.2-fold ( p ϭ 2.225 ϫ 10 Ϫ2 ) and ϳ2-fold ( p ϭ 9.352 ϫ 10 Ϫ6 ) in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice at 2 months, respectively. Likewise, its accumulation is increased significantly by ϳ1.5-fold ( p ϭ 1.927 ϫ 10 Ϫ3 ) and ϳ2.2-fold ( p ϭ 6.555 ϫ 10 Ϫ4 ) in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice at 9 months of age, respectively. These results suggest that ␥-secretase activity is further impaired in the cortex of PS1 cKO; PS2 ϩ/Ϫ mice during aging. We further examined the C-terminal stub of another ␥-secretase substrate, APLP1 (Naruse et al., 1998) . Similar to APP, APLP1 CTFs accumulate by ϳ10-fold in the cortex of PS1 cKO;PS2 ϩ/ϩ mice, and the extent of the accumulation is inversely correlated with the dosage of the wild-type PS2 gene (Fig.  7B ). For example, at 2 months of age, levels of APLP1 CTFs are increased at ϳ1.2-fold ( p ϭ 0.156) and ϳ1.6-fold ( p ϭ 2.700 ϫ 10 Ϫ3 ) in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice, respectively (Fig. 7B) . Furthermore, at 9 months of age, levels of APLP1 CTFs are increased by ϳ1.4-fold ( p ϭ 2.493 ϫ 10 Ϫ3 ) and ϳ1.8-fold ( p ϭ 8.411 ϫ 10 Ϫ4 ) in the cerebral cortex of PS1 cKO; PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice, respectively. These results demonstrated that ␥-secretase activities are modulated by the presence of both PS1 and PS2 proteins and that, in the absence of PS1, ␥-secretase activity is dependent on the dosage of the PS2 gene.
Discussion
Complete inactivation of presenilin or nicastrin in excitatory neurons of the adult cerebral cortex results in striking agedependent, progressive neurodegeneration, as well as synaptic and memory impairment Saura et al., 2004; Tabuchi et al., 2009; Zhang et al., , 2010 WinesSamuelson et al., 2010; Wu et al., 2013; Lee et al., 2014 ). These findings demonstrate the essential role of presenilin/␥-secretase in neuronal survival, synaptic function, and memory in the adult brain. The fact that complete loss of presenilin or ␥-secretase recapitulates key features of AD, including age-dependent loss of synapses and neurons, increases of apoptotic neuronal death, inflammatory responses, tau hyperphosphorylation, and progressive impairment of memory and other behavior, suggested that loss of essential PS function by PSEN mutations may under- ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mouse brains at 2 months of age (n ϭ 4 per genotype) shows ϳ60% decreases of NTFs and CTFs of PS1 in PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ at 2 months of age (n ϭ 4 per genotype). PS2 CTFs are increased by ϳ30% in cortical lysates of PS1 cKO;PS2 ϩ/ϩ and PS1 cKO;PS2 ϩ/Ϫ mice compared to the expected values, suggesting compensatory upregulation in the absence of PS1. Levels of nicastrin and Pen-2 are decreased by ϳ40% and ϳ60% in the mutant mice compared with controls, respectively, whereas levels of another ␥-secretase component, Aph-1a, is present at comparable levels between the genotypic groups. NS, Not significant. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. All data are expressed as mean Ϯ SEM.
lie neurodegeneration and dementia in AD (Shen and Kelleher, 2007) . This view is further supported by findings in Caenorhabditis elegans, Drosophila, and mammalian cultured cells showing that PSEN mutations result in partial to complete loss of its function or ␥-secretase activity (Levitan et al., 1996; Song et al., 1999; Seidner et al., 2006; Heilig et al., 2010) . However, whether partial loss of PS indeed results in neurodegeneration has not been tested experimentally. The current study was designed to address this question through the generation of PS1 cKO mice carrying varying doses of the PS2 gene. We found that PS1 cKO;PS2 ϩ/Ϫ mice exhibit significant neurodegeneration in the cerebral cortex, with ϳ17% loss of cortical volume and neuron number at 16 months of age compared with the more severe neurodegeneration in PS1 cKO;PS2 Ϫ/Ϫ mice, with ϳ50% reduction of cortical volume and neuron number (Fig. 1) . Neurodegeneration in PS1 cKO;PS2 ϩ/Ϫ mice is also accompanied by increases of apoptosis (Fig. 3) , as well as astrogliosis (Fig. 4) and microgliosis (Fig. 5) . At 4 months of age, significant loss of cortical volume and neuron number was observed in PS1 cKO;PS2 Ϫ/Ϫ mice but not in PS1 cKO;PS2 ϩ/Ϫ mice (Fig. 2) . Consistent with these findings, increased apoptosis was seen in PS1 cKO;PS2 ϩ/Ϫ mice at 16 months but not at 4 months compared with dramatic increases of apoptosis in PS1 cKO;PS2 Ϫ/Ϫ mice at 4 months, suggesting a later onset of apoptosis in PS1 cKO;PS2 ϩ/Ϫ mice (Fig. 3) . Thus, loss of PS activity indeed leads to neurodegeneration and increases of apoptotic cell death in an age-and PS dose-dependent manner. PS1 and PS2 share ϳ67% sequence homology and are functional homologs (Levy-Lahad et al., 1995; Rogaev et al., 1995) . PS1 appears to be more important than PS2 in performing presenilin functions, because PS1 germ-line KO mice die at birth and PS2 KO mice have little detectable phenotypes. However, in the absence of PS1, PS2 does play essential roles. For example, mice lacking both PS1 and PS2 die much earlier than PS1 KO mice at embryonic day 9 (Shen et al., 1997; Donoviel et al., 1999) , and the neurogenesis defects caused by loss of both presenilins in neural progenitor cells are much more severe than those observed in neural progenitor cell-restricted PS1 cKO mice (Shen et al., 1997; Handler et al., 2000; Wines-Samuelson et al., 2005; Kim and Shen, 2008) . Similarly, in the adult brain, PS cDKO mice lacking both presenilins in excitatory neurons of the adult cerebral cortex develop striking neurodegeneration and severe memory impairment during aging, whereas PS1 cKO mice exhibit mild memory impairment but no neurodegeneration (Yu et al., 2001; Saura et al., 2004; Wines-Samuelson et al., 2010; Fig. 1) . Consistent with these in vivo findings, in vitro ␥-secretase assay showed that membrane fractions from PS1 ϩ/Ϫ ;PS2 Ϫ/Ϫ and PS1 Ϫ/Ϫ ;PS2 ϩ/ϩ cells have 56 and 11% of ␥-secretase activity, respectively, compared with those derived from PS1 ϩ/ϩ ;PS2 ϩ/ϩ cells, suggesting that ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice at 2 and 9 months of age. Immunoblotting (top) was performed using antibodies specific for the APP C terminus (A) or the APLP1 C terminus (B). Varying amounts of cortical lysates were loaded in each lane. Lanes 1 and 2 were loaded with 3ϫ and 1ϫ amounts of cortical lysates from control mice, and the rest of the lanes were loaded with 1ϫ (lanes 3-5), 0.25ϫ (A, lanes 6 -8), or 0.5ϫ (B, lanes 6 -8) of cortical lysates from PS1 cKO;PS2 ϩ/ϩ , PS1 cKO;PS2 ϩ/Ϫ , and PS1 cKO;PS2 Ϫ/Ϫ mice. Levels of the CTFs were quantified and normalized to the full-length proteins (bottom). Quantification analysis shows a massive increase of the CTFs in the cerebral cortex of PS1 cKO;PS2 ϩ/ϩ mice and additional increases in PS1 cKO;PS2 ϩ/Ϫ and PS1 cKO;PS2 Ϫ/Ϫ mice. The value of the CTFs in PS1 cKO;PS2 ϩ/ϩ mice is set as 100%. NS, Not significant. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
PS1 is ϳ10-fold more active than PS2 (Lai et al., 2003) . Furthermore, ablation of the PS2 gene alone in mice did not affect both accumulation of APP CTFs and ␤-amyloid (A␤) production (Steiner et al., 1999) , whereas conditional inactivation of PS1 selectively in excitatory neurons of the adult cerebral cortex leads to 30-fold accumulation of APP CTFs and reduction of A␤ production at 6 months of age (Yu et al., 2001) . In this study, we showed that accumulation of the CTFs of APP and APLP1 in the mouse brain correlates with PS dosage and that loss of one or two copies of the PS2 gene in PS1 cKO mice results in increasingly greater accumulation of the CTFs (Fig. 7) . The accumulation of APP CTFs in the cerebral cortex of PS1 cKO;PS2 Ϫ/Ϫ mice is approximately twice as much as that in PS1 cKO mice, which accumulate APP CTFs Ͼ10-fold compared with control mice (Fig. 7) . Thus, both in vivo and in vitro analysis showed that PS1/␥-secretase is much more potent than PS2/␥-secretase, although a recent study using a yeast reconstitution system showed that the amount of active PS1 containing ␥-secretase complex is much greater than PS2 containing ␥-secretase and that the activity of PS1 or PS2 in single ␥-secretase complex is similar (Yonemura et al., 2011) .
The failure to detect significant neuronal degeneration in PS1 cKO mice at 16 months of age is somewhat surprising, because most, if not all, cortical pyramidal neurons lack PS1 in the cerebral cortex of PS1 cKO mice beginning at ϳ1 month of age (Yu et al., 2001) . Interestingly, PS2 is upregulated in these mice, as indicated by ϳ30% increase of PS2 CTFs in the cerebral cortex of PS1 cKO;PS2 ϩ/ϩ mice at 2 months of age (Fig. 6 ). Given the fact that the PS1 cKO cerebral cortex is mosaic with PS1 inactivated only in excitatory neurons but not in interneurons or glia, the increase of PS2 in individual excitatory neurons is likely to be greater than the 30% increase detected by Western blotting using cortical lysates. Thus, the upregulation of PS2 may provide additional protection against neurodegeneration in PS1 cKO mice at this age (Fig. 1) . The upregulation of PS2 protein in PS1-deficient cells might be attributable to enhanced formation of the PS2/␥-secretase complex, which stabilizes PS2 protein, because of increased availability of other subunits, such as nicastrin, Aph-1, and Pen-2 in the absence of PS1. Similarly, more PS2 was detected in cortical lysates of PS1 cKO;PS2 ϩ/Ϫ mice (Fig. 6) , suggesting that neurodegeneration detected in these mice may be otherwise more severe (Fig. 1) . Furthermore, a recent report indicated that PS2 containing ␥-secretase in microglia plays a role in protection from neuronal cell death by suppressing neuroinflammatory responses (Jayadev et al., 2010) . Although this may explain the severe neurodegeneration and gliosis observed in PS cDKO mice, in which PS2 is eliminated, it cannot explain similarly severe neurodegeneration and gliosis observed in Nct cKO mice, in which PS2 expression is intact in microglia (Tabuchi et al., 2009) . Although one copy of PS2 is insufficient to prevent agedependent neurodegeneration, one copy of PS1 in germ-line PS1 ϩ/Ϫ ;PS2 Ϫ/Ϫ mice (Tournoy et al., 2004) or conditional PS1 floxed/ϩ ;PS2 Ϫ/Ϫ ;Cre mice (D. Xia and J.S., unpublished data) is sufficient to prevent neurodegeneration in the brain, although defects in the peripheral systems were reported, including benign skin hyperplasia, splenomegaly, and leukocytosis (Qyang et al., 2004; Tournoy et al., 2004) . These results are consistent with more prominent role of PS1 in maintaining ␥-secretase activity and brain functions.
In summary, we demonstrate that, during aging, survival of excitatory neurons in the cerebral cortex is dependent on the dosage of the presenilin genes. These excitatory neurons are particularly vulnerable in AD and normally express high levels of the PS genes. Partial to complete loss of presenilins results in progressively more severe neuronal degeneration and earlier onset of increased apopototic cell death. The milder neurodegeneration and the later onset of apoptosis in PS1 cKO;PS2 ϩ/Ϫ mice are more reminiscent of the progressive neurodegeneration in AD, in contrast to the striking and earlier onset of neurodegeneration in PS cDKO mice. This is the first experimental evidence showing that partial loss of presenilins is sufficient to cause neuronal cell death in the mouse brain during aging. Considering the fact that FAD mutations in the PSEN genes are loss-of-function mutations (Levitan et al., 1996; Song et al., 1999; Moehlmann et al., 2002; Seidner et al., 2006; Shen and Kelleher, 2007; Heilig et al., 2010) and that expression and activity of presenilins/␥-secretase is attenuated in aged mouse brains (Placanica et al., 2009) , the current study provides additional experimental support for the loss of PS function underlying neurodegeneration in FAD and AD.
